Abstract: Two families of deaminases, one specific for cytidine, the other for deoxycytidylate, are shown to possess a novel zincbinding motif, here designated ZBS. We have (1) identified the protein members of these 2 families, (2) carried out sequence analyses that allow specification of this zinc-binding motif, and (3) determined signature sequences that will allow identification of additional members of these families as their sequences become available.
Zinc plays a pivotal role in enzyme structure and function, and several zinc-binding motifs have been identified for specific types of proteins (Berg, 1986 (Berg, , 1990 Vallee &Auld, 1990; Vallee et al., 1991; von Arnim & Deng, 1993) . The cytidine and deoxycytidylate deaminases comprise 2 families of zinc-dependent enzymes but, nevertheless, little is known about the zinc-binding site@) of these deaminases, which were proposed to share a common general mechanism of catalysis (Yang et al., 1992; Moore et al., 1993) . We therefore (1) identified the protein members of these 2 families, (2) carried out sequence analyses that allow specification of a novel zinc-binding motif, and (3) determined signature sequences that will allow identification of additional members of these families as their sequences become available.
The proteins included in this study as well as their abbreviations and catalytic functions where known are presented in the legend to Figure 1 . These proteins belong to 2 distinct families, as revealed by pairwise sequence comparison scores (see Table 1 ). Four proteins constitute the currently sequenced cytidine deaminase family (CDF): a human and 2 bacterial cytidine deaminases as well as a Bacillus cereus deaminase that acts on the cytosinecontaining antibiotic blasticidin-S (Isono, 1991) . All the intrafamily similarity scores of the CDF protein members were found Reprint requests to: Jonathan Reizer, Department of Biology, University of California at San Diego, La Jolla, California 92093-0116; e-mail: reizer@ucsd.edu. to be high (i.e., > 15 SD) except for those obtained with cytidine deaminase of Escherichia coli, which is most similar to cytidine deaminase of Bacillus subtilis (9 SD).
The second family, the deoxycytidylate deaminase family (DCF), includes 12 proteins from diverse sources: 2 bacteriophage, 6 bacteria, 2 yeast, the worm Caenorhabditis elegans, and a mammal (see proteins listed in the legend to Figure 1 ). Each protein of this family exhibits a high similarity score (10-107 SD) to at least 2 other members of this family, but proteins of the CDF are not demonstrably homologous to proteins of the DCF (i.e.. interfamily similarity scores 1 4 SD). The average similarity plots of all currently known proteins of the CDF and DCF (Fig. 1, left and right panels, respectively) reveal regions of striking similarity as well as regions of marked divergence for both families. Regions represented in Figure 1 are the only ones that exhibit significant similarity, and regions that possess an average similarity score of zero are not included in the plot. One region of similarity, designated A A S (allosteric or active site) and indicated by black bars in Figure 1 , is possibly an allosteric effector-binding site. Deoxycytidylate deaminases are known to be sensitive to allosteric regulation by dCTP and dTTP (Maley et al., 1990) , and the allosteric site in the phage T2 deaminase has been proposed to be localized to the first 125 residues of the protein, a region that includes all of the presently identified A A S sequence (Maley et al., 1983) . A second region of conservation, designated ZBS (zinc-binding site) and indicated by shaded bars in Figure I , follows the A A S region and includes a novel zinc-binding motif common to all proteins of both the DCF and the CDF (see below and Yang et al., 1992; Moore et al., 1993; Weiner et al., 1993) . (Bairoch, 1993) . This signature sequence detects all proteins of the DCF and CDF except for the yeast protein YBR12.03 (see below). It is selective for these deaminases because it did not recognize any other protein in the SWISS-PROT database (release 27.0) (Bairoch & Boeckmann, 1993) . Interfamily divergence and intrafamily conservation of this signature sequence are revealed in Figure 2 .
It is noteworthy that a more degenerate and condensed form of this signature sequence, i.e.
, [CH]-A-E-Xo,-3,,-P-C-)42-8,-C.
which is conserved in all proteins of the DCF and CDF except the yeast protein YBR12.03, contains residues commonly associated with zinc chelation (Vallee & Auld, 1990 , and references therein). Furthermore, previous studies on the E. coli cytidine deaminase have shown that Zn2+ is chelated to the histidyl residue in the signature sequence described above (unpubl. data cited by Yang et al., 1992) . Consequently, we suggest that this condensed signature represents a novel, ubiquitous zinc-binding motif. Support for the conclusion that zinc is coordinated at the ZBS region has come from analyses of the bacterial and mammalian adenosine deaminases, which exhibit a common mechanism of action with the cytidine deaminases (Frick et al., 1989; Kati & Wolfenden, 1989a . 1989b . The crystal structure of the murine adenosine deaminase shows that zinc is coordinated to a histidyl residue at its active site (Wilson et al., 1991) . and comparisons between the sequence of this adenosine deaminase and those of proteins of the DCF and CDF show that the only region of commonality corresponds to the first part of the ZBS signature (Yang et al., 1992 The second region of conservation, which precedes the ZBS in all of the sequences examined here, is most likely a part of an allosteric effector site.
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The DCF includes 6 ORFs with unknown functions. Based on the analyses reported here, the following suggestions are made regarding the potential functions of some of these proteins:
1.
2.
3.
4.
The gef gene family encodes membrane proteins that induce respiratory arrest, membrane leakiness, and cell death in E. coli (Poulsen et al., 1992) . We suggest that, like all DCF proteins with known functions, the primary function of YfhC(Eco), which was isolated from a Gef-resistant mutant (Poulsen et al., 1992) , is to deaminate a pyrimidine ring. Because ORF161(Bsu) exhibits high similarity to YfhC(Ec0) (46 SD), we propose that these 2 ORFs possess the same function. Similarly, the high degree of similarity between ORF197(Cel) and DCD(Hsa) (40 SD) suggests that ORF197 (Cel) is a deoxycytidylate deaminase. The luxG operon, which is transcribed convergently with ORF147(Vfi), encodes proteins mediating bioluminescence in Vibriofischeri, a process that requires the oxidation of reduced riboflavin phosphate (FMNH2) (Lee et al., 1993, and references therein). Suggestions that ORF147(Vfi) may be involved in supplying this substrate have been based on the similarity of ORF147 to the RibG proteins (4 and 6 SD) (Lee & Meighen, 1992; Lee et al., 1993) . Because ORF147pfi) is more similar to the dCMP deaminases (13-26 SD) than to the riboflavin deaminases, we suggest that if ORF147 does catalyze a RibG-like reaction, it evolved along a pathway different from that used by the RibG proteins of B, subtilis and E. coli. The Saccharomyces cerevisiae YBR12.03 protein was reported to be involved in riboflavin biosynthesis (Baur et al., 1993) . Although it shows a convincing degree of similarity to the C-terminal half of bacterial RibG proteins (>16 SD), it lacks the N-terminal half, which contains the AAS and ZBS motifs. Inspection of the nucleotide sequence reveals that the apparent absence of the N-terminal region is due neither to a frameshift error nor to intron interruption. We propose that in yeast this riboflavin biosynthetic step is catalyzed by an oligomeric enzyme composed of 2 distinct subunits, one of which corresponds to the missing N-terminal half containing the AAS and ZBS regions.
